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Abstract: Atherosclerosis is a complex disease which involves both genetic and environmental factors in its
development and progression. Shear stress is the drag force per unit area acting on the endothelium as a result
of blood flow, and it plays a critical role in plaque location and progression. TGF-B1 is often regarded to have
pro-atherosclerotic effect on vascular disease. TGF-1 downstream targets Smad, for regulating a set of genes
associated with atherosclerosis. Therefore, modulation of TGF-B1 and Smad expression may be the important
targets for the prevention and treatment of shear stress-induced vascular disease. However, the precise mechanism
of the anti-atherosclerotic effects of novel therapeutic approach has not been elucidated by using animal models
regarding the shear stress-induced vascular disease. Therefore, we designed to test whether Smad decoy ODN
would prevent the development of atherosclerosis in the shear stress-induced ApoE-/-mice on a western diet. We
examined the effect of cast placement on the development of atherosclerosis, and the carotid artery was harvested
at the sacrifice to observe histological changes. Also, we evaluated the impact of Smad decoy ODN in the regulation
of genes expression related to atherosclerosis, including TGF-B1, PAI-1, and a-SMA. Our results showed that western
diet with cast placement developed atherosclerosis in ApoE-/-mouse. Also, administration of Smad decoy ODN
decreases the expression of TGF-B1, PAI-1, and a-SMA. These results demonstrate the potential of Smad decoy ODN
to prevent the progression of atherosclerosis in ApoE-/-mouse model with western diet and shear stress.
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Introduction

Atherosclerosis is a complex disease which
involves both genetic and environmental fac-
tors in its development and progression. Its
various risk factors include hypertension, obe-
sity, diabetes, smoking and high fat contents in
the daily diet [1, 2]. Atherosclerotic lesions
commonly occur at the outer walls of arterial
branches, and the inner curvatures of tortuous
vessels. At these sites, the local flow is dis-
turbed and it is characterized by low shear
stress recirculation, oscillation, or lateral flow
[3]. These shear stress is the drag force per
unit area acting on the endothelium as a result
of blood flow, and it plays a critical role in
plaque location and progression [4, 5]. In
straight arteries, laminar flow with an average
shear stress of 1.5 N/m? prevails, and this level
is actively maintained by adjusting the vascular
tone and by structural remodeling in response

to shear stress [6, 7]. In addition, low shear
stress (< 1.5 N/m?) and oscillatory shear stress
(exhibiting directional change) have been impli-
cated as pro-atherogenic in the observational
studies for humans and animals [4, 8, 9l.
Consequently, these shear stresses are critical
in regulating the vascular physiology and pathol-
ogy of the vessel wall [10, 11].

The pathogenic features of atherosclerosis
show that it is a multi-factorial, progressive dis-
ease in which the inflammatory reaction of ves-
sel wall and the inflammation-related factors
play important roles at all stages [12, 13]. TGF-
B1 is often regarded as having pro-atheroscle-
rotic effect on vascular disease [14]. TGF-B1
facilitates extracellular matrix deposition by
stimulating the production of pro-collagen and
fibronectin, down-regulating the expression of
proteases, and up-regulating protease inhibi-
tors, such as plasminogen activator inhibitor
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type | (PAI-I) and tissue inhibitor of metallopro-
teinase-1 (TIMP-1) [15-17]. TGF-B1 transgene
into vascular wall causes intimal thickening in
the presence or absence of vascular injuries in
an animal models [18, 19]. Also, TGF-B1 down-
stream targets Smad, for regulating a set of
genes associated with atherosclerosis [20, 21].
Therefore, modulation of TGF-B1 and Smad
expression may be important targets for the
prevention and treatment of shear stress-
induced vascular disease. How-ever, the rela-
tion between shear stress and atherosclerosis
is based almost exclusively on clinical observa-
tions in humans or in vitro experiments [8, 9,
11, 22]. Recently, Chen et al. have introduced a
new technique, which allows for the controlled
study regarding the influence of wall shear
stress on the development of atherosclerosis
[4]. The method involves an innovative tapered
restriction (cast) surgically placed around the
right common carotid artery of an ApoE-/-
mouse fed with lipid-rich diet. However, the pre-
cise mechanism of the anti-atherosclerotic
effects of novel therapeutic approach has not
been elucidated in animal models with shear
stress-induced vascular disease.

To develop a novel therapeutic approach, we
modified decoy oligodeoxynucleotide (ODN)
against transcription factor Smad, into a ring-
type structure without chemical modification,
to increase its resistance to endonuclease for
systemic administration. The decoy ODN, which
contains a consensus sequence that binds to
the target transcription factor, blocks mRNA
transcription at the DNA level. The decoy
approach is a new class of antigene strategy
that utilizes modulation of endogenous tran-
scriptional regulation [23]. The decoy is a syn-
thetic double-stranded cis-element ODN, and
chemical modifications such as phosphorothio-
ation are usually utilized to increase the stabil-
ity [24]. Therefore, we designed to test whether
Smad decoy ODN would prevent the develop-
ment of atherosclerosis in shear stress-induced
ApoE-/-mouse on a western diet. Subsequently,
we investigated anti-atherosclerotic effects of
Smad decoy ODN, which blocks the TGF-31 and
extracellular matrix deposition.

Materials and methods
Experimental model

Eight-weeks-old ApoE-/-mice in a C57BL/6 ba-
ckground were obtained from Taconic (NY,
USA). Mice were maintained in a room set at
21-25°C with a 12 hours light/dark cycle for 9

3972

weeks. During the experimental period, all ani-
mals were fed a standard laboratory chow diet
or western type diet containing 20% protein
and 21% fat. It was based on casein, corn
starch, glucose, cocoa butter, cellulose, miner-
als, cholesterol, and a vitamin mix (Feedlab,
Kyungki-do, South Korea). Mice were randomly
assigned to one of the three groups. The three
groups of diets with or without interventions
were as follows: 1) regular chow diet group (nor-
mal control, NC), 2) western diet with shear
stress induction group (WD/Cast), and 3) west-
ern diet with shear stress induction after Smad
decoy ODN treatment group (WD/Cast/Smad).

Shear stress and decoy ODN treatment

To induce standardized changes of shear stress
in vivo, we used a cast which imposes a fixed
geometry on the carotid vessel wall, thereby
causing gradual stenosis resulting in decreased
blood flow upstream from the cast, as previ-
ously described in detail [4]. Briefly, the animals
were anesthetized with isoflurane, and the
anterior cervival triangles were accessed by a
sagittal anterior neck incision. Both halves of
the cast were placed around the right common
carotid artery and fixed with a suture. After
wounds were closed, the animals were allowed
to recover.

Decoy ODN were injected into the tail vein at
2nd, 4th, 6th, and 8th week in the group 2 and
group 3. The non-viral vector, Trans IT In vivo
Gene Delivery System (Mirus, WI, USA), was
used for the delivery of decoy ODN. At the end
of each treatment period (9 weeks), the ani-
mals were sacrificed by cervical dislocation,
and carotid artery was collected. All surgical
and experimental procedures used in the pres-
ent study were approved by the Institutional
Review Board Committee at Daegu Catholic
University Medical Center which conforms to
the US National Institutes of Health guidelines
for care and use of laboratory animals.

Synthesis of ring type decoy ODN and selec-
tion of target sequences

The following sequences of ODN were utilized
(Consensus sequence is underlined): Smad
decoy ODN: 5’-CAGTCTAGACACGTGATCACGTGT-
CTAGACTG-3'. Considering the feasibility of a
decoy ODN makeup, we designed a ring-type
decoy ODN. These ODN were annealed for 8
hours, while temperature was decreased from
80°C to 25°C. The Smad decoy ODN was pre-
dicted to form a stem-loop structure. Following
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Ring type Smad decoy ODN

Figure 1. Structure of Smad decoy ODN. Binding sites of specific transcription factors are marked by underline.

the addition of T4 ligase (1U, Takara, Japan),
the mixture was incubated for 18 hours at 16°C
to generate a covalently ligated ring-type decoy
molecule (Figure 1).

Histological analysis

All tissue specimens were fixed in 10% formalin
for at least 24 hours at room temperature. After
fixation, perpendicular sections to the anterior-
posterior axis of the tissues were dehydrated in
graded ethanol, cleared in xylene, and embed-
ded in paraffin. Thin sections (4 um) were
mounted on glass slides, dewaxed, rehydrated
to distilled water, and stained with Masson’s
trichrome and hematoxylin and eosin. Pre-
paration of paraffin blocks followed, and cross-
section taken from the blocks was stained with
Masson’s trichrome. As a part of the histologi-
cal evaluation, all slides were examined by a
pathologist, blinded to previous treatment,
under a light microscope (Nikon, Tokyo, Japan).

Verhoeff’s elastin staining

Paraffin-embedded sections (4 um) were made
and transferred to glass slides, and then were
deparaffinized and dehydrated through follow-
ing solutions: xylene 3 times for 3 minutes
each, and ethanol serially for 3 minutes in each
concentration of 100%, 95%, 80%, 75%, and
70%. Sections were then treated with Verhoeff’
elastin staining solution (22 mL of alcoholic
hematoxylin, 8 mL of 10% ferric chloride, and 8
mL of iodine solution) for 10 minutes, followed
by washing in distilled water. Sections were
briefly differentiated in 2% ferric chloride and
were checked under the microscope. If differ-
entiated excessively, staining-differentiation
steps were repeated until proper staining pat-
tern was obtained. Sections were then treated
with 5% sodium thiosulfate for 1 minute, wa-
shed in tap water for 5 minutes, and counter-

3973

stained in van Gieson’ staining solution (5 mL
of 10% acid fuchsin, and 100 mL of saturated
aqueous solution picric acid) for 1 minute.
Sections were differentiated in 95% ethyl alco-
hol, 2 changes of absolute ethanol, 2 changes
of xylene, and they were mounted on slide.

Immunohistochemical staining

Paraffin-embedded sections were deparaf-
finized with xylene, dehydrated in gradually
decreasing concentrations of ethanol, and then
treated with 3% hydrogen peroxidase in metha-
nol for 10 minutes to block endogenous peroxi-
dase activity. Tissue sections were immersed
in 10 mM sodium citrate buffer (pH 6.0) for 5
minutes at 95°C. The last step was repeated
using fresh 10 mM sodium citrate solution (pH
6.0). Sections were allowed to remain in the
same solution while cooling for 20 minutes and
were rinsed in PBS. Sections were incubated
with primary antibody (1:100 dilution) for 1
hour at 37°C. Such primary antibodies as anti-
TGF-B1 (R&D System, MN, USA), anti-PAI-1
(Santa Cruz, CA, USA), and a-SMA (Sigma, MO,
USA) were used. Signal was visualized using an
Envision system (DAKO, CA, USA) for 30 min-
utes at 37°C. DAB (3, 3’-diaminobenzidine tet-
rahydrochloride) was used as the coloring re-
agent, and hematoxylin was used as a counter
stain.

Results

Western diet with shear stress led to a devel-
opment of atherosclerotic lesions, and Smad
decoy ODN suppressed the histological chang-
es in atherosclerotic ApoE-/-mouse

We first examined the effect of western diet

and cast placement on the development of ath-
erosclerosis. Carotid artery was harvested at
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Figure 2. Smad decoy ODN suppressed the histological changes in atherosclerotic ApoE-/-mouse. A-C. Histological
analyses of carotid arteries 9weeks after cast placement in ApoE-/-mice fed a western diet. D-F. Carotid sections are
stain with Verhoeff's elastin which accentuates elastin fibers. G-l. Collagen fibers visualized by Masson'’s trichrome
staining. Representative images from each study group. NC: normal control, WD/Cast: western diet with shear
stress induction group, WD/Cast/Smad: western diet with shear stress induction after Smad decoy ODN treatment

group. Magnification x 400.

the sacrifice to observe histological changes.
H&E stained sections were examined to under-
stand the extent and distribution of plaque for-
mation as a determination of atherosclerotic
lesions in ApoE-/-mouse. WD/Cast group show-
ed increased plaque formation, thickened arte-
rial walls, and intimal size compared with NC
group (Figure 2A and 2B). Structure of elastic
tissue in arterial atherosclerotic lesions was
seriously fragmented and disrupted, disorga-
nized elastin fibers were observed in mice from
WD/Cast group (Figure 2E). Also, collagen
fibers visualized by trichrome staining were
shown to be distinctly deposited in the WD/
Cast group compared to NC group (Figure 2H).
These results showed that western diet with
shear stress (cast placement) led to the devel-
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opment of atherosclerotic lesions in ApoE-/-
mouse.

Afterward, we investigated the effect of Smad
decoy ODN on western diet with shear stress
induced ApoE-/-mouse. Our study found that
Smad decoy ODN treatment group (WD/Cast/
Smad) showed decrease in the intima-media
thickness and atherosclerotic lesions of the
artery, compared to the WD/Cast group (Figure
2C and 2F). Importantly, the intimal size and
extent of arterial walls were attenuated and the
collagen deposition was decreased by Smad
decoy ODN treatment in the WD/Cast/Smad
group (Figure 2l). Therefore, histological exami-
nation suggested that Smad decoy ODN pre-
vented pathologic changes in western diet with
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Figure 3. Smad decoy ODN prevented the extracellular matrix deposition in atherosclerotic ApoE-/-mouse. A-C. Rep-
resentative macrographs show immunohistochemical staining for TGF-B1 in the carotid at Qweeks after cast place-
ment. D-F. Immunohistochemical staining shows that Smad decoy suppresses the expression of PAI-1 in atheroscle-
rotic ApoE-/-mouse. G-l. Immunohistochemical staining was used to evaluate the extent of a-SMA. Representative
images from each study group. NC: normal control, WD/Cast: western diet with shear stress induction group, WD/
Cast/Smad: western diet with shear stress induction after Smad decoy ODN treatment group. Magnification x 400.

shear stress-induced atherosclerotic Apo-E-/-
mouse.

Smad decoy ODN prevented the extracellular
matrix deposition in western diet with shear
stress-induced atherosclerotic ApoE-/-mouse

Immunohistochemical stains were performed
to evaluate the impact of Smad decoy ODN in
the regulation of expression of the genes rele-
vant to atherosclerosis, including TGF-B1, PAI-
1, and a-SMA. TGF-B1 expression is up-regulat-
ed in plaque development and is known to pro-
mote atherosclerosis under a variety of circum-
stances, such as extracellular matrix (ECM)
remodeling [25]. Also, PAI-1, a physiological
regulator of plasminogen activation, is a repre-
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sentative profibrogenic gene, and its expres-
sion is transcriptionally regulated by the TGF-
B1/Smad pathway [26]. As shown in Figure 3A
and 3D, the artery from NC group showed little
expression of TGF-B1 and protease inhibitor
such as PAI-1. However, WD/Cast group re-
vealed markedly enhanced neointimal thicking,
and these atherosclerosis markers were dra-
matically increased in WD/Cast group (Fi-
gure 3B and 3E). Also, immunohistochemical
examination showed that both neointimal and
medial cells were positive for smooth muscle
cell (SMC) marker such as a-SMA in WD/Cast
(Figure 3H). However, administration of Smad
decoy ODN showed down regulation of these
proteins in WD/Cast/Smad group (Figure 3C,
3F and 3lI). Therefore, immunohistochemical
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stains showed that Smad decoy ODN treatment
attenuated the expression of TGF-B1 and PAI-1.
Also, smooth muscle cell activations were inhib-
ited by Smad decoy ODN. These results sug-
gest that Smad decoy ODN prevented the pro-
gression of atherosclerosis in western diet with
shear stress-induced ApoE-/-mouse.

Discussion

Shear stress controls the expression of a num-
ber of genes involved in the endothelial cell
functions, including TGF-B1, platelet-derived
growth factor (PDGF), and tissue plasminogen
activator. In particular, TGF-B1 is a factor that is
elevated by shear stress [27-29]. TGF-B1 trans-
mits its signal through type | and Il serin/threo-
nine Kkinase receptors and phosphorylates
downstream targets Smad2 and Smad3. Sub-
sequently, Smad2 and Smad3 interact with
Smad4, translocate to the nucleus, and acti-
vate TGF-Bl-responsive genes [30]. TGF-B1
ligands, its receptors, as well as Smad proteins
have been found to be expressed in fibro-fatty
lesions and fibrous plaques [20, 21]. Consistent
with such an expression profile, TGF-B1 has
been found to affect the properties and func-
tion of all cell types that are known to be pres-
ent in atherosclerotic lesions, such as SMCs,
monocyte/macrophage, and T cells [31]. Thus,
strategies aimed at disrupting TGF-B1 produc-
tion and/or blocking signal transduction with
Smad has important theoretical and practical
implications for producing the effective treat-
ments for atherosclerosis.

The present study is the attempt to elucidate
the effect of Smad decoy ODN in the western
diet with shear stress-induced atherosclerotic
ApoE-/-mouse. First, we examined the effect of
western diet and cast placement on the devel-
opment of atherosclerosis. A previous study
reported that placement of the cast creates
decreased shear stress upstream from the
cast, increased shear stress in the cast, and
oscillatory shear stress downstream from the
cast [2]. Furthermore, several papers reported
that high-fat or a high-cholesterol diet led to a
development of atherosclerosis [32, 33]. Our
results showed that western diet with cast
placement induced increase in plaque forma-
tion, thickened arterial walls and intimal size.
Also, collagen fibers were increased in western
diet with cast placement induced ApoE-/-
mouse. These results demonstrate that west-

3976

ern diet with cast placement may effectively
induce the development of atherosclerotic
lesions in ApoE-/-mouse. Subsequently, we
investigated the effects of Smad decoy ODN on
western diet with cast placement-induced ath-
erosclerotic ApoE-/-mouse. We previously re-
ported that NF-kB and Sp1 chimeric decoy ODN
efficiently suppressed the expression of specif-
ic genes in the animal model of atherosclerosis
[34]. In addition, several experimental studies
have shown that decoy therapy attenuates ath-
erosclerosis [24, 35]. These studies are infor-
mative but it is yet to be demonstrated that
Smad decoy ODN can prevent the development
of atherosclerosis in the western diet with
shear stress-induced ApoE-/-mouse model.
Grainger et al showed that transgenic expres-
sion of apoliprotein promoted SMC proliferation
and subsequent development of early vascular
lesions by inhibiting proteolytic activation of
TGF-B1 [36]. In additions, overexpression of
TGF-B1 caused arterial intimal thickening large-
ly consisted of increased ECM [37]. In the pres-
ent study, our result showed that Smad decoy
ODN suppressed atherosclerosis related genes
such as TGF-f1, PAI-1 and a-SMA in western
diet with shear stress induced atherosclerotic
ApoE-/-mouse. Also, Smad decoy ODN treat-
ment effectively inhibited the pathologic chang-
es of atherosclerosis. These results suggest
that Smad decoy ODN prevented the progres-
sion of atherosclerosis in the ApoE-/-mouse
induced by western diet and shear stress.

In conclusion, our findings demonstrate that
western diet with cast placement developed
atherosclerosis in ApoE-/-mouse. Also, admin-
istration of Smad decoy ODN decreased the
expression of TGF-B1, PAI-1, and a-SMA. In par-
ticular, Smad decoy ODN exerts anti-athero-
sclerotic affect against western diet with shear
stress induced atherosclerotic ApoE-/-mouse
via inhibiting the pathologic changes. These
results demonstrate the therapeutic potential
of Smad decoy ODN for the prevention of ath-
erosclerosis induced in ApoE-/-mouse model by
western diet with shear stress.
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